ABSTRACT. Net colonic sodium and fluid absorption is higher in suckling and weanling rats than in adult rats. This study was undertaken to investigate the mechanisms behind these differences. In vivo perfusion of the colon was performed in 14-to 80-day-old rats. Net Na and water uptake decreased exponentially from 14 to 80 days of age. Na uptake was 402 f 73 pgEq/min/g DT in 20-day-old rats and 116 f 6 pEq/min/g DT in 40-day-old rats. After amiloride treatment, net Na transport was reversed to net secretion (-79 f 36 pEq/min/g DT) in 20-day-old rats. Amiloride had no effect on the net Na transport in 40-dayold rats. cAMP stimulation significantly increased the net Na uptake in 20-day-old rats and significantly reduced the net Na uptake in 80-day-old rats. cAMP did not increase the net uptake in amiloride-treated 20-day-old rats. We conclude that there are both quantitative and regulatory changes in the pathways for colonic Na transport during development, and we speculate that the large amiloridesensitive sodium uptake in the young colon is adaptive and contributes to the sodium accretion necessary for rapid growth during late postnatal development (Pediatr Res 24: 46-49,1988)
The net sodium and water absorption in the large intestine is higher in infant than in adult rats. The absorption decreases exponentially from the age of 14 to the age of 40 days. The sodium and water absorption is higher in 20-day-old rats that have been kept suckling than in 20-day-old rats that have been weaned at the age of 16 days (1) . We have so far found no explanation for the high sodium absorption in the large intestine of the infant rat. The absorptive area in relation to dry weight is not higher in young than in adult rats (2) . The fractional absorption in the proximal and distal large intestine is approximately the same in young and adult rats.
Herein we have compared the amiloride-sensitive net sodium flux in vivo in young and adult rats. In adult rats studied under basal conditions the amiloride-sensitive net sodium flux contributes only a few percent to the total sodium influx. We found a much larger amiloride-sensitive sodium flux in the young than in the adult rats. In adult rats cAMP reduces the net absorption by stimulating secretion. We also compared the effect of cAMP on the net sodium absorption in young and adult rats both with and without amiloride treatment. The results imply that in young rats cAMP stimulates net sodium uptake in the large intestine and that this stimulation is attenuated if Na entry via the amiloride-sensitive flux is blocked.
MATERIALS AND METHODS
Experiments were performed in male Sprague-Dawley rats aged 14 to 80 days. Their mean body weights ranged from 30 g (14 day old) to 350 g (80 day old).
Rats aged 14 and 20 days were kept with lactating dams until the study began. Litter sizes were six to eight rats in all age groups. All rats had free access to solid rat food (R3, EWOS, Sodertdje, Sweden) and tap water until the study began. The rats were kept in air-conditioned animal pens, with a 12-h light cycle and a room temperature of 2 1 k l o C.
Animal Preparation. The rats were anesthetized with Inactin 80 mg/kg/BW intraperitoneal and a tracheostomy was performed. Indwelling catheters were inserted into one carotid and one jugular vein. During the entire study a continuous infusion with Ringer's solution containing 147 mM Na, 4 mM K, 2.3 mM Ca, and 155 mM C1, pH 6, at the rate of 1% of BW/h was delivered by infusion pump into the jugular vein. The body temperature was maintained at 37" C by an overhead lamp. The abdomen was opened by a midline incision and the colon was cannulated with a polyethylene catheter distal to the cecal colonic junction. A suture proximal to the cecal colonic junction prevented the passage of fluid from the small intestine. The colon was rinsed with warm Ringer's solution (same as intravenous) at the rate of 15-50 ml/h until the intestinal contents were removed. About 10 ml warm air were then flushed through the colon and a rectal catheter was placed with its tip above the anal sphincter. Ringer's solution with 5 g/liter [I4C] polyethylene glycol as the nonabsorbable indicator of the net water transport was then perfused at a constant rate of 15 ml/min, using an infusion pump. After an equilibration period of 30 min the effluents were collected during three consecutive 20-min periods. After the perfusion experiment the colon was removed and the fluid carefully emptied by means of a fingertip. The wet weight of the colon was determined and, after 24-48 h of drying in 100" C, the dry weight was determined.
Protocols. Theophylline 
RESULTS
In control rats the net sodium and fluid absorption decreased with increasing age in an exponential fashion (Fig. 1) . The net sodium absorption &Eq/min/g DT) decreased from 723.8 a 207 in 14-day-old rats to 401.8 + 73.2 in 20-day-old rats, 115.7 a 6 in 40-day-old rats, and 69.4 + 30.7 in 80-day-old rats. The net water absorption (ml/min/g DT) decreased from 4.72 + 1.53 in 14-day-old rats to 2.63 k 0.55 in 20-day-old rats, 0.81 f 0.02 in 40-day-old rats, and 0.46 + 0.22 in 80-day-old rats.
Intravenous amiloride administration significantly reduced the net sodium and fluid absorption in 20-day-old rats. Indeed, there was a net sodium secretion of 79 + 36 pEq/min/g DT and a net fluid secretion of 0.59 + 0.15 ml/min/g DT. In 40-day-old rats amiloride infusion given intravenously reduced the net sodium to 9 1.4 a 4 pEq/min/g DT and the water absorption to 0.6 f 0.03 ml/min/g DT (Fig. 2) .
Intraluminal amiloride perfusion at a concentration of M resulted in a decrease in the net sodium absorption in 20-dayold rats to 69 + 13 pEq/min/g DT and in the net water absorption to 0.07 0.03/ml/min/g DT.
Intravenous theophylline treatment resulted in marked increases in the net sodium and the fluid net absorption in 14-and 20-day-old rats ( Fig. 3) . In 14-day-old rats the net sodium absorption (pEq/min/g DT) increased to 1689 + 345 and in 20-day-old rats the net sodium absorption increased to 1003 + 65.
The net water absorption (ml/min/g DT) in 14-day-old rats treated with theophylline increased to 13 + 1.8 and in 20-dayold rats to 7.3 + 0.5.
In 40-day-old rats theophylline treatment had no significant effect on the net sodium and fluid absorption. In 80-day-old rats, theophylline treatment significantly reversed the net sodium absorption to net secretion 2.62 + 2.06 pEq/min/g DT and the net water absorption to secretion of 0.06 +-0.07 ml/min/g DT (Fig. 3) . Theophylline increases the cellular levels of cAMP by inhibiting the cyclic nucleotide phosphodiesterase. To directly increase the cellular levels of CAMP, we administered dBcAMP, a cAMP analogue that penetrates the cell membrane. When dBcAMP was administered intraarterially to 14-day-old rats, the net sodium absorption increased significantly to levels almost identical with those observed in theophylline-treated 14-day-old rats (Table I) . In 40-day-old rats dBcAMP had no significant effect on the net sodium absorption. The effect was not significantly different from that caused by theophylline.
Theophylline did not stimulate the net sodium uptake in 20-day-old amiloride-treated rats. The net sodium absorption was significantly lower in the 20-day-old amiloride-and theophyllinetreated rats than in the control rats. In 40-day-old amiloridetreated rats theophylline had no effect on the net colonic sodium transport (Fig. 4) .
DISCUSSION
This study has shown that the high net colonic sodium uptake consistently found in suckling and weanling rats can be attributed to a high net sodium uptake via amiloride-sensitive sodium flux. In the young rat net sodium absorption was almost completely abolished by intravenous amiloride administration. There was also a pronounced decrease in net sodium uptake if the intestinal lumen was exposed to amiloride. In the adult rats only 15% of the net sodium absorption was inhibited by intravenous amiloride administration. If adult rats are given a low sodium diet, colonic sodium uptake via the amiloride-sensitive pathway in- Fig. 2 . The effect of amiloride on the net sodium absorption (pEq/ min/g DT) in 20-and 40-day-old rats. Amiloride was administered intravenously in a bolus dose of 0.1 mg/100g BW at the start of the study and then at 0.24mg/100g BW/h during the study. Each value is the mean + SEM in four to six rats. Open bars, controls; hatched bars, amiloride-treated. to stimulate sodium uptake by inducing an amiloride-sensitive Fig. 3 . The effect of theophylline on the net sodium absorption (@q/ pathway in the adult rat colon, aldosterone is generally considmin/g DT) and the net water absorption (ml/min/g DT) in 14-to 80-ered to be the physiological mediator (5).
day-old rats. Theophylline was administered intravenously at the rate of
We have recently demonstrated that in the suckling rat there 100 mg/kg BW/h during the study. Each value is the mean f SEM in is a sharp increase in plasma aldosterone levels. Peak levels are five to eight rats. a, Na; 0, H20.
reached at the age of 20 days. We have also shown that, if endogenous aldosterone production is stimulated by a low salt Table I . Effect of dBcAMP administered intraarterially on the intake, the net colonic sodium absorption and NaKATPase net sodium andjluid absorption in 14-to 40-day-old rats (mean activity increase more in young than in adult rats (6) .
In neonatal pigs there is a peak in serum aldosterone shortly after birth and canrenoate-an antagonist of aldosterone ac- sodium uptake in the colon of the neonatal pig (7). It is therefore possible that high circulatory levels of aldosterone and an enHzO (ml/min/g DT) 12 .2 + 1.5 4.7 f 0.6 0.7 f 0.03 hanced end-response to aldosterone contribute to the amiloride-
sensitive sodium uptake found in colon of normal young rats in this study.
The colon is well recognized as a target tissue for mineralocorcreases and it has been suggested that in adult rats the amiloride-ticoids (8) . In the adult colon aldosterone induces amiloridesensitive sodium pathway may represent a sodium scavenger in sensitive sodium transport and an approximately 2-fold increase stress situations, such as hypovolemia or sodium depletion (3) .
in NaKATPase levels (9) . This study demonstrates that the
The mechanisms for regulating transport via the amiloride-amiloride-sensitive sodium transport is present to a larger extent sensitive pathway are, according to Schultz (4), as follows: 1) in the young than in the adult colon. It is not unique to find modulation of transporter activity by intracellular Na and/or Ca; changes in net intestinal transport during ontogeny. Sodium-2) short-term regulation of transporter concentration in the dependent glucose absorption is present in the fetal but not in
the adult rat colon (10) . In the fetal and newborn rat colon there also seems to be a transepithelial transport of macromolecular proteins that is not present in the adult rat colon (1 I). The properties of the amiloride-sensitive sodium channel have recently been reviewed (12) . Most studies have focused on the mechanism of amiloride inhibition of sodium transport in highresistance epithelia, such as the colon and the frog skin. However, amiloride-sensitive sodium transport is also present in the small intestine of salt-depleted adult rats, but the mechanism of the amiloride effect on this epithelia has not been elucidated (1 3) .
The response to cAMP was different in the infant and the mature colon. In accordance with several previous observations, we noted that cAMP had a net antiabsorptive effect on sodium transport in the adult rat colon. It has been suggested that this antiabsorptive effect is mediated either by the inhibition of coupled sodium/chloride uptake or by stimulation of sodium efflux secondary to chloride secretion (14, 15) . In young rats we found that elevation of tissue cAMP (accomplished either by theophylline or dBcAMP treatment) stimulated net sodium uptake. The increase in net Na uptake in dBcAMP and theophylline-treated young rats could be due to stimulation of Na entry or of pump-mediated Na out-transport. The latter effect is the most likely alternative. cAMP has not been shown to stimulate the amiloride-sensitive sodium entry pathway (16), but shortterm stimulation of the enzymatic activity of existing NaKATPase has been demonstrated following elevation of cAMP (17, 18). Stimulation of the pump activity should lead to an increase in the Na uptake. Inasmuch as, however, the turnover of the pump is critically dependent on Na availability, stimulation of the Na,K pump should be attenuated, if the Na supply to the cell is decreased. This would be the case in the amiloridetreated young animals.
Herein we did not record ~otential differences and unilateral fluxes and it is therefore impossible to draw exact conclusions about sodium fluxes on the epithelial cell membrane level.
The high sodium uptake via the amiloride-sensitive pathway may be of benefit to the young rapidly growing rat. The accretion of body tissue, particularly of bone, is associated with sodium retention. It is likely that the high net sodium absorption in the infant rat colon contributes to the sodium retention needed to establish a positive sodium balance for growth (20) .
In summary, this study reveals several important differences between the young and the adult colon with regard to sodium transport mechanisms. In the young colon the net sodium absorption is due to a large amiloride-sensitive net sodium uptake. cAMP increases the net sodium and water uptake in the young colon and reduces the net sodium and water uptake in the adult ~olon.
